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Mineral nitrogen in tropical forest soils
BY R. K. CUNNINGHAM*
West African Cocoa Research Institute, Ghana
(Received 16 April 1962)
Many measurements of mineralizable-N have
been made in temperate regions but few in the
tropics, particularly on forest soils. In the forest
region of Ghana food crops on newly cleared land
(Nye & Greenland, 1960) and shaded cacao
(Cunningham & Arnold, 1962) do not generally
respond to N fertilizers. There are two possible
reasons for this; extra inorganic N may not be
needed because these soils produce enough or added
N fertilizers may be lost too quickly by leaching.
Four aspects of this problem were examined.
(1) The effects of drying and storing on the pro-
duction of mineral N were investigated and routine
methods were developed.
(2) Using these methods the mineralizable-N of
twenty Ghana forest soils under cacao was measured.
(3) The effects of vegetation and exposure to sun
and rain on the production of mineral-N were
examined.
(4) Leaching of added N from a forest soil was
studied.
METHODS AND MATERIALS
^Terminology
The terminology used here is similar to that of
Gasser (1961a).
Quantity measured (in p.p.m.) Abbreviationf
Nitrate nitrogen in soil NOS~-N
Ammonium nitrogen in soil NH4+-N
Total mineral nitrogen in soil Min-N
Change in nitrate nitrogen after incuba- + AN03~-N
tion
Change in ammonium nitrogen after + ANH4+-N
incubation
Change in total mineral nitrogen after + Amin-N
incubation
t The suffixes f and ad are used to distinguish
measurements on fresh and air-dry soil, respectively.
Analytical methods
Soil pH was determined with a glass electrode and
a water:soil ratio of 2-5:1. Total N and organic C
were estimated by a Kjeldahl and the Walkley &
Black (1934) methods, respectively. The mineral N
of fresh and air-dried soil was extracted by shaking
* Present address: Rothamsted Experimental Station,
Harpenden, Herts.
15 g. of wet or dry soil for 2 hr. with 30 ml. NK2SO4
acidified with H2SO4 to pH 1. After filtration
ammonium and nitrate N were estimated by the
microdiffusion method of Bremner & Shaw (1955);
all concentrations are expressed in p.p.m. on an
oven-dry basis.
Soils
The soils were from widely scattered cacao farms
in the Ghanaian forest and at the West African
Cocoa Research Institute (WACRI). They repre-
sented both the Ochrosols (Brammer, 1958), de-
veloped under rainfall of 50-70 in. per annum, and
Oxysols which are found when annual rainfall
exceeds 70 in. Most of the farms were distant and
scattered and fresh soil samples could not be taken
quickly to the laboratory at WACRI. Only local
samples were used for work with fresh soil and some
characteristics are in Table 1. Organic C and total
N which are concentrated near the surface, de-
creased abruptly at 2 in. and again at 6 in. below
the surface and then more gradually with increasing
depth. pH was almost neutral at the surface but
decreased down the profile. This WACRI soil has
been classified in this work according to the follow-
ing covers; secondary forest, mature shaded cacao,
young cacao on degraded soil with and without
mulch, grass, fully exposed and artificially shaded.
Sampling
Fresh soil sampled during the rainy seasons
(April to July and September to December) on
incubating produced less mineral N than the same
soil sampled during the dry seasons (January to
March and August). Although these differences
were not apparent when the soils were air-dried
before incubating, all routine sampling was done
Table 1. Some soil characteristics of three layers
of a WACRI soil under secondary forest
Soil
layer
(in.)
0- 2
2- 6
6-12
pH
6-9
6-6
61
Organic
C
4-29
1-06
0-54
Total
N
(%)
0-443
0-115
0066
C/N
ratio
9-7
9-2
8-2
17-2
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in April to May just after the main rains began.
The undecomposed litter layer on the soil surface
was removed and samples were taken from the
0-6 in. layer or other layers.
Drying and its effect on min-Nf and
A min-Nf
Usually soil samples arrived at the laboratory
about a week after sampling. They were air-dried
at 25-30° C. for 4 days, ground to pass a 2 mm.
sieve and then air-dried for a further 24 hr. Tables
2 and 3 show the effects of this treatment on
NH4+-N,, NOj--N,, ANH4+-Nf and ANO3--N, in
three layers of a WACRI forest soil. In all three
layers air-drying has increased the high mineral N
and ANO3~"-Nad and A min-N^ are treble the corre-
sponding measurements on fresh soil.
Storage and its effect on min-Nad
and &min-Nai
After air-drying the soils were stored in air-tight
ecrew-top bottles at 25-30° C. The moisture con-
tents of the air-dry soils were in the range: 2-5-4 %
(0-2 in.), 1-2% (2-6 in.) and 1-5-3% (0-6 in.).
The effects of storage on NH4+-Nad, N03--Nad,
ANH4--Nad, AN03--Nad of the WACRI soil are given
in the second parts of Tables 2 and 3 and Fig. 1.
Table 2 shows that NH^-N^, in all three layers was
greater after 24 weeks storage than immediately after
drying but NO^-N^ decreased slightly. Table 3
shows that 24 weeks storage increased both
ANO^-N^ and Amin-Nad in the 0-2 in. and 0-6 in.
by 50 % but only Amin-Na<i in the 2-6 in. layer.
Fig. 1 shows that ANC^-N^ and Amin-Nad in
0-2 in. and 0-6 in. layers were almost identical and
most of the increases after storage were in the first
8 weeks. In the 2-6 in. layer ANO3--Nad began to
decrease after the first week of storage with a corre-
sponding increase in ANH4+-Nad until, after 15
weeks, nitrification ceased and ANH^-N^ equalled
Amin-N^. When the 2-6 in. layer after 15 weeks
storage was inoculated with 200 mg. fresh soil from
the same layer nitrification resumed (Fig. 1). This
inhibition of nitrification on storing the 2-6 in.
layer was typical of most forest soils; with some
soils, stored for a year or more, nitrification stopped
in the surface humic layer. Measurements of
Amin-N^ in the 0-6 in. layer gave the most satis-
factory estimate of the soil's mineralizable power.
1S0r
125
4ioo
75
so
25
2 4 6 8 10 12 14 16 18f 20 22 24
Storage time (weeks)
Fig. 1. The effect of storage on Amin-Nad, etc., of a
WACRI soil. 0—9, AN03--Nad (0-2 in.); • - - - • ,
Amin-Nad (0-2 in.); O—O, ANO3--Nad (0-6 in.);
O---O, Amin-N^ (0-6 in.); x — x, Amin-N^ (2-6 in.);
x - - x , ANOr-N^ (2-6 in.); x - - - x , ANH4+-Nad
(2-6 in.); f , inoculated with fresh soil.
Table 2. The effect of air-drying and storage on mineral nitrogen in three layers
of a WACRI soil under secondary forest
Soil
layer
(in.)
0-2
2-6
0-6
NH/-N,
15
10
12
Fresh
NOS"
21
2
8
soil
--N,
(P
Min-N,
36
12
20
.p.m. on oven-dry basis.)
Soil after
16
12
15
i
5 days air-drying
N03"-Na d
29
4
12
Min-Nad
45
16
27
Air-dried,
NH.+.N^
28
21
22
24 weeks
NOr-N^
27
3
10
storage
Min-N
55
24
32
Soil
layer
(in.)
0-2
2-6
0-6
Table 3. TJie effect of air-drying and storage on mineralizable nitrogen in three layers
of a WACRI soil under secondary forest
(p.p.m. on oven-dry basis.)
Soil after 5 days air-drying Air-dried, 24 weeks storageFresh soil
ANH4+-N, AN03--N, Amin-N, ANH4+-Nad AN03--Nad Amin-Nad ANH4+-Nad
0 +38 +38 - 1 +93 +92 + 1 +143
- 1 +11 +10 - 4 +36 +32 +47 0
0 +19 +19 - 3 +53 +50 - 1 + 8 2
+144
+ 4 7
+81
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Incubation methods
Air-dry soil
After determining the initial mineral N by the
method already described, 15 g. air-dry soil were
placed in a 360 ml. extraction bottle and water
added to bring moisture to 50% Water Holding
Capacity (WHC). The bottle was sealed and the re-
wetted soil incubated for 14 days at 25° C. with
aerating every 48 hr. After incubation, final
ammonium and nitrate contents were determined.
Fresh soil
Fresh soil was passed through a 2 mm. sieve and
was incubated like the air-dried soil except that
20 g. portions of the sieved soil were used. The
water content was determined by heating another
portion overnight at 105° C. and water added to
obtain 50 % WHC.
Routine sampling, drying, storing and incubation
methods
In April-May soil samples (0-6 in.) were taken
and sent as quickly as possible to the laboratory
where they were immediately air-dried for 5 days.
After 8 but before 24 weeks storage Amin-Nad was
measured by the incubation method already
described.
Field experiments
All field experiments were done on the WACRI
soil.
(a) Soil exposure
This experiment (to be fully reported elsewhere)
was done to assess soil degradation when the pro-
tective forest is removed. After the forest was re-
moved, disturbing the surface soil as little as
possible, grass was established on three plots and
the remainder of the area was divided into twenty-
four plots. Eight plots were kept fully exposed,
eight had 50 % shade from aluminium strips, and
eight were fully shaded with perforated sheets of
aluminium. Three plots of adjacent secondary
forest and mature shaded cacao were also used.
Soil samples (0-6 in.) were taken every 3 months,
but only those collected 3 years after removing the
forest are considered here. The fully exposed and
half-exposed soils behaved similarly and only the
former are included.
(6) Mulching of degraded soil
The benefits of mulching in establishing cacao on
soil degraded by prolonged exposure were tested in
this experiment. The forest was removed at least
30 years before and never allowed to re-establish.
Cacao was planted in twenty plots, half of which
were mulched with Guatemala grass (Tripsacum
laxum) at 15 tons dry matter per acre per annum.
Yields were significantly better on the mulched
plots (Cunningham & Arnold, 1962), and after 2
years soil samples (0-6 in.) were taken from all
plots.
(c) Removal of added nitrogen from surface soil by
leaching
This experiment repeated in the tropics what
Cunningham & Cooke (1958) and Gasser (1959) did
in England. In August 1959 before the small rains
100 lb. of N/acre was broadcast as urea and as
ammonium sulphate on a WACRI sandy loam
which was kept bare and on the same soil under
grass and cacao; similar plots received no N. Treat-
ments were replicated three times. The top 6 in. of
the soil contained 42 % coarse sand, 33 % fine
sand and 22% silt and clay combined. Rainfall
was recorded and soil samples were taken every
7 days and analysed for mineral N until all traces
of added N disappeared from the 0-6 in. layer of
soil.
RESULTS
Comparison of &min-Nad of twenty soils
under cacao shaded by forest
In Table 4 are some soil characteristics including
Amin-N^,, for ten Oxysols and Ochrosols and Table
5 gives the coefficients of correlation between these
soil measurements. Amin-Nad was independent of
pH, showing that the Ochrosols with adequate
calcium and magnesium do not differ from the acid
Oxysols, deficient in divalent cations, in their
ability to produce mineral N. Neither texture nor
C :N ratio influenced Amin-N^ but there were good
correlations between Amin-N^ and both total N and
organic C.
Influence of vegetation and exposure on
&min-Nai of a WACRI soil
Some soil characteristics, including Amin-N^ of
a WACRI soil under (a) secondary forest, (6)
shaded mature cacao, and (c) grass are given in the
upper part of Table 6. Total N, organic C and
Amin-N^ are highest under forest and lowest under
grass. The lower part of Table 6 gives similar soil
measurements of mulched and unmulched WACRI
soil which has been partly exposed for 30 years but
which now supports young unshaded cacao. There
are soil measurements for the same soil after 3 years
full exposure and artificial shade. Exposure
drastically lowers total N, organic C and Amm-N^
but artificial shade and grass cover lessen this de-
gradation. Although the soil was only mulched for
2 years, total N, organic C and Amin-Nad increased
slightly.
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The leaching of added nitrogen from the 0-6 in.
layer of a sandy loam
In the soil where urea was applied NH4+-N, and
N03~-N, were always lower than where ammonium
sulphate was used. This was probably because more
ammonia was lost to the air from urea; only the
behaviour of ammonium sulphate is considered
here. Rain did not fall for 2£ weeks after applying
N and during that time soil samples were taken only
from plots which had not received N. The first
samples from the other plots were collected 3 days
after the first rain and then at weekly intervals for
the next 2 months. Fig. 26 shows rainfall for the
period. NH4+-N,, N03--N, and min-N, were deter-
mined in all samples but only mean min-N, for bare
soil, cacao and grass soil are plotted in Fig. 2 a. In
bare soil with no added N there was 22 p.p.m.
min-N, before the rains and this fell to 18 p.p.m.
after the first rain and then remained constant.
The min-N, was always highest in the soil without
vegetation. Fig. 2a also shows mean min-N, for
Soil
no.
1
2
3
4
5
6
7
8
9
10
Mean
11
12
13
14
15
16
17
18
19
20
Mean
Table 4. Some soil characteristics of 0—6 in.
Group
Oxysol
Oxysol
Oxysol
Oxysol
Oxysol
Oxysol
Oxysol
Oxysol
Oxysol
Oxysol
Oxysol
Ochrosol
Ochrosol
Ochrosol
Ochrosol
Ochrosol
Ochrosol
Ochrosol
Ochrosol
Ochrosol
Ochrosol
Ochrosol
Table 5.
under cacao shaded
Texture
Clay loam
Clay loam
Loam
Loam
Loam
Clay
Loam
Clay loam
Clay loam
Loam
Clay loam
Sandy loam
Clay
Loam
Loam
Clay loam
Sandy loam
Sandy loam
Loam
Sandy loam
layer of ter,
by forest
Organic C
p H
4-3
4-5
4-5
4-6
5-3
5-4
5-4
5-5
5-5
5-5
5 1
6-0
6-0
6-3
6-4
6-4
6-4
6-5
6-6
6-9
7-0
6-5
Correlation coefficients of soil
Total N
Min-Nad 0-65**
Total N —
Organic C —
C/N ratio —
** =
Organic C
0-62**
0-93***
—
—
P<001;*** =
(%)
1-96
1-93
2-14
355
3-12
1-70
2-94
2-55
2-81
3-73
2-64
1-79
3-99
4-68
305
2-75
4-14
1-95
1-83
3-71
2-41
303
1 Oxysols
Total N
(%)
0-214
0-203
0-228
0-290
0-300
0163
0-245
0-229
0-247
0-361
0-248
0-168
0-365
0-332
0-259
0-288
0-350
0191
0193
0-352
0-229
0-273
measurements given
C/N ratio
0-32
0-39
0-69***
—
: P < 0001.
and Ochrosols
C/N
ratio
Q.9
y 69-5
9-4
12-2
10-4
10-4
120
111
11-4
10-3
10-6
10-7
10-9
14-1
11-8
9-5
11-8
10-2
9-5
10-5
10-5
110
in Table 4
pH
-0-10
0-22
0-25
0-21
Amin-Nu,)
in p.p.m.
+ 102
+ 89
+ 99
+ 130
+ 124
+ 86
+ 128
+ 95
+ 139
+ 129
+ 112
+ 102
+ 158
+ 107
+ 90
+ 74
+ 119
+ 68
+ 101
+ 142
+ 87
+ 105
Table 6. The influence of vegetation and exposure on soil characteristics, including Amin-Nad, of the 0-6 in.
layer of a WAGBI soil. All data are the means of the number of plots shown in the table
Vegetation or
cover
Secondary forest
Shaded cacao
Grass
Unshaded cacao
Unshaded cacao
Full exposure
Artificial shade
Age or duration
40 years +
12 years
3 years
Cacao 2 years' old, soil exposed for
30 years +
As above but mulched for 2 years
3 years
3 years
Nos.
of
plots
3
3
3
10
10
8
8
p H
6-9
6-6
7-0
6-0
6-0
6-7
6-8
Organic C
(%)
2-41
1-71
111
113
1-23
1-03
1-44
Total N
(%)
0-230
0-178
0-121
0108
0118
0-117
0-155
C/N
ratio
10-5
9-6
9-2
10-5
10-4
8-8
9-3
Amin-Nad
in
p.p.m.
+ 79
+ 64
+ 31
+ 30
+ 37
+ 25
+ 36
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these plots with ammonium sulphate. I t was high
when sampling began, dropped quickly when the
rains started and had disappeared from the 0-6 in.
layer of all soils 9 weeks after application and 6
weeks after the first train. The N was removed from
the soil under cacao slightly quicker than from the
soil under grass and the bare soil retained its added
N longer than the two soils with vegetation. The
NH/-N, and N03~-N, for bare soil with ammonium
sulphate are plotted in Fig. 26. When sampling
began 2£ weeks after applying N, almost half the
added NH/-N, had nitrified; build-up of N03--N,
in the surface soil continued for another week and
then declined as leaching progressed. Nitrification
of the NH4+-N, of the fertilizer was complete 6
weeks after application and after another 3 weeks
all traces of the added mineral N had disappeared
from the surface soil.
DISCUSSION
Determinations of NH4+-N, and N03~-N, in
tropical soils distant from the laboratory are diffi-
cult unless soils are sterilized with toluene and even
then results are not always reliable. In addition
these mineral N measurements depend on the rain-
fall of the previous few days and comparisons of
NH4+-N, and N03--N, in widely scattered soils are
not valid. Measurement of mineralizable N in air-
dried soils is the most likely alternative but the
experiments described here show that methods of
sampling, drying and storing greatly influence the
production of mineral N. Air drying greatly in-
creased Amin-Nad, confirming results obtained with
temperate soils (Cooke & Cunningham, 1958 and
Gasser, 1916a). Storage increased NHj+-Nu and
Amin-Nad but most of the increase in the latter took
place in the first 8 weeks. Gasser (19616) working
with English arable soils obtained similar results
but Amin-Nad continued to increase in some soils
after 98 weeks storage. A further complication
with these tropical soils was that nitrification
stopped with the 2-6 in. layer samples after 15
weeks storage. Perhaps the nitrifying organisms
below the humic surface layer died when air-dried
soil was stored and all routine soil samples were
subsequently taken from the 0-6 in. layer. As an
additional precaution Amin-N^, was always deter-
mined, because this accurately estimated a soil's
mineralizing power whereas ANO3~-Nad alone
may be misleading. Comparisons of mineralizable-
N in soils are pointless unless methods of sampling,
drying and storing are standardized. The techniques
adopted in this work were satisfactory.
The results show that in undisturbed tropical
forest soils most of the mineral N is produced in
the humic layer within a few inches of the soil's
surface. The values of Amin-Nad are high com-
pared with temperate arable soils (Gasser, 1961a)
and subtropical soils (Saunder, Ellis & Hall, 1957).
If they are not exposed and cultivated these soils
produce large amounts of mineral N and this is
probably the main reason for the lack of N response
with shaded cacao and annual crops on newly
cleared forest land. The good correlations between
Amin-N,^ and total N and organic C confirm the
earlier findings of Cornfield (1952) and Gasser (1961a)
for temperate soils. However, unlike most temperate
soils humus in these soils is often delicately balanced,
rapid breakdown of organic matter being offset by
continually accumulating litter. If this equilibrium
is upset by removing the forest without providing
adequate surface protection, depletion of organic
matter is rapid and serious and Amin-Nad decreases.
Amin-Nad still decreases when the soil is protected
by grass or artificial shade, but does not receive the
continual branch and leaf fall of the forest. This
suggests that the fresh unstable organic material is
the main source of mineral N in these soils and
Table 6 shows that, after 3 years exposure, when
the fresh organic material has decomposed, the soil
August September
1959
October
Fig. 2 (a) and (6). The effect of rainfall on mineral N
levels in a WACRI sandy loam with and without added
N and with and without cacao and grasa. (o) Q—D.
min-N, (ammonium sulphate—bare soil); O—O>
min-N, (ammonium sulphate—grass); x — x , Min-N,
(ammonium sulphate—cacao); • — • , Min-N, (no
added nitrogen—bare soil; A—A, Min-N, (no added
nitrogen—cacao and grass). (6) O—O, N03~-N(
(ammonium sulphate—bare soil); x — x , NH4+-N,
(ammonium sulphate—bare soil); j , nitrogen applied
5 August 1959.
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262 R. K. CUNNINGHAM
can no longer provide large quantities of mineral N.
When soil on a native food farm reaches this stage
the farmer resorts to the traditional method of
'bush' fallowing for 7 to 12 years (Nye & Green-
land, 1960). Improved husbandry including soil
protection and the use of N and other fertilizers
will make possible more intensive cultivation of
food crops, without the need for long fallow periods.
This exposure problem does not arise when growing
cacao shaded by forest, because cacao needs little
N in shade. However, after removing the forest the
problem becomes acute; cacao's need for N in full
light increases but the soil's capacity to produce
mineral N decreases until equilibrium is once again
established when the cacao canopy is formed. In
West Africa this is one of the reasons for past
failures to grow cacao successfully on clear-felled
land. The critical period is undoubtedly the first
few years after removing the forest and it is vital
to protect the soil at this time. Cunningham &
Smith (1960) showed that specially cultivated cover
crops and mulch protect the soil better than natural
regeneration. The present work, showing that
Amin-N^ is greater under protective covers, sup-
ports their conclusion. Amin-Nad of these forest
soils does not depend on pH, suggesting that N
deficiency is not the cause of cacao's failure to grow
well on the acid Oxysols of Ghana.
Too rapid leaching of added N from the surface
soil could explain the lack of N responses on newly
cleared land. Nine weeks elapsed and 8 in. rain fell
before the N from the ammonium sulphate disap-
peared from the top 6 in. of bare soil. This is much
faster than the 5 months required in temperate
soils for N to be leached from the surface soil
(Cunningham & Cooke, 1958; Gasser, 1959) but it
is unlikely that, even at this increased rate, N is
washed out before it can be absorbed by plants,
particularly with cacao trees whose roots ramify and
form a continuous mat through the surface soil.
Crops on undisturbed soils probably fail to respond
to N because the soil can produce so much mineral
N and not because added N is rapidly leached.
SUMMARY
1. Amin-Nad is the most satisfactory measure-
ment for assessing mineralizable-N in the tropical
forest soils used; values are treble those for Amin-
N, and then increase even further on storage. Com-
parisons of Amin-N,^ are pointless unless methods
of sampling, drying, storing and incubating are
standardized.
2. Amin-Nna is correlated with total N and
organic C but not pH.
3. Undisturbed tropical forest soils can produce
very large quantities of mineral N, particularly in
their surface layers. This probably accounts for the
lack of N responses in these soils. More intensive
cultivation of these soils is only possible when
organic matter is preserved by protecting cleared
soils.
4. Added nitrogen was leached more rapidly in
these soils than in comparable temperate soils but
was not fast enough to prevent absorption by plants.
Permission to publish this work has been given
by Mr J. Lamb, Director, WACRI. I wish to
acknowledge the help of Mr Fritz Adase, laboratory
assistant, WACRI.
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